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In vertebrates,  almost all somatic cells extend a single immotile cilium,  referred to as a primary cil-
ium.  Increasing evidence suggests that primary cilia serve as cellular antennae in many types of tis-
sues by sensing chemical or mechanical stimuli in the milieu surrounding the cells.  In rodents an anti-
body to adenylyl cyclase 3 (AC3) has been widely used to label the primary cilia of neurons in vivo by 
immunostaining,  whereas the lack of markers for the primary cilia of astrocytes has made it diﬃcult 
to observe astrocytic primary cilia in vivo.  Here,  we obtained a visualization of astrocytic primary 
cilia in the mouse brain.  In the somatosensory cortex,  a large portion of neurons and astrocytes at 
postnatal day 10 (P10),  and of neurons at P56 had AC3-positive primary cilia,  whereas only approx.  
one-half of the astrocytes in the P56 mice carried primary cilia weakly positive for AC3.  In contrast,  
the majority of astrocytes had ADP-ribosylation factor-like protein 13B (Arl13b)-positive primary cilia 
in the somatosensory cortex and other brain regions of P56 mice.  The lengths of astrocytic primary 
cilia positive for Arl13b varied among the brain regions.  Our data indicate that Arl13b is a notewor-
thy marker of astrocytic primary cilia in the brain.
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n vertebrates,  almost all body cells protrude a 
single immotile cilium,  referred to as a primary 
cilium.  Growing evidence suggests that primary cilia 
function as a biosensor for extracellular chemical and 
mechanical stimuli in many types of tissue and that 
cilia-mediated signaling is required for development 
and homeostasis [1,  2].  Mutations in human genes 
that encode cilia-related molecules can lead to several 
pleiotropic disorders with overlapping symptoms,  col-
lectively called ciliopathies,  including Bardet-Biedl 
syndrome (BBS) and Joubert syndrome [1,  2].
　 Accumulated evidence has revealed that primary 
cilia play some roles in the central nervous system 
[3-11].  Several G protein-coupled receptors (GPCRs) 
and adenylyl cyclase 3 (AC3) have been shown to 
localize to primary cilia of neurons [12-19],  suggest-
ing that extracellular signals can be sensed and ampli-
ﬁed by primary cilia of neurons.  AC3 is widely used 
as a marker for neuronal primary cilia throughout 
many regions of the rodent brain [13].  We have found 
that neuronal primary cilia in the mouse striatum were 
lengthened by pharmacological treatments [20,  21].
　 However,  the study of primary cilia of glial cells 
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in vivo is constrained by the lack of markers for glial 
primary cilia.  Antibodies to AC3 were shown to label 
the primary cilia of primary cultured astrocytes [12,  
22],  and it was demonstrated that astrocytes with 
AC3-positive primary cilia are rare in the brain sec-
tions of 30-day-old mice [13].  Given that the majority 
of astrocytes are expected to have one primary cilium 
in vivo like other somatic cells,  AC3 is inadequate as 
a marker of the primary cilia of astrocytes.
　 ADP-ribosylation factor-like protein 13B (Arl13b) 
is a cilia-localized protein that belongs to the Arf-like 
small GTPase family [23].  ARL13B is one of the 
causative genes for Joubert syndrome [24].  It was 
recently revealed that Arl13b-regulated signaling in 
primary cilia is crucial for the initial formation of a 
polarized radial glial scaﬀold in the developing cere-
bral cortex [25].  This ﬁnding led us to investigate 
whether Arl13b is localized at primary cilia of dif-
ferentiated astrocytes in vivo and to observe astro-
cytic primary cilia by using Arl13b as a marker in 
various brain regions of mice in an immunoﬂuorescent 
analysis,  as described below.
Materials and Methods
　 Animals. Male and female adult C57BL/6J 
mice were obtained from Charles River Japan 
(Yokohama,  Japan) and used in the present study.  All 
experiments were performed in compliance with the 
Guidelines for Animal Experiments of the Okayama 
University Advanced Science Research Center,  and 
were approved by the Animal Care and Use 
Committee of the Okayama University Advanced 
Science Research Center.  All eﬀorts were made to 
minimize animal suﬀering.
　 Sample preparation. Mice were perfusion-ﬁxed 
with 4ｵ paraformaldehyde.  Brains were quickly 
removed and immersed in 4ｵ for 24h followed by 
cryoprotection with 15ｵ sucrose in 0.1M phosphate 
buﬀer for 48h at 4℃.  Cryoprotected brains were 
frozen using powdered dry ice and sectioned at a 
thickness of 20µm on a cryostat for immunoﬂuores-
cence staining.
　 Immunofluorescence staining. Floating 
brain sections were permeabilized with 0.3ｵ Triton 
X-100 in phosphate-buﬀered saline (PBS) with 2ｵ 
goat serum,  10mg/mL bovine serum albumin (BSA),  
and 0.02ｵ sodium azide.  The same buﬀer without 
Triton X-100 was used for antibody dilution and 
washes.  The following primary antibodies were used:  
rabbit anti-AC3 (sc-588,  Santa Cruz Biotechnology,  
Santa Cruz,  CA,  USA,  1 : 500),  rabbit anti-Arl13b 
(a gift from Dr. Tamara Caspary,  Emory University,  
1 : 5,000),  mouse anti-NeuN (MAB377,  Millipore,  
Billerica,  MA,  USA,  1 : 500),  and mouse anti-S100β 
(S2532,  Sigma,  St. Louis,  MO,  USA,  1 : 20,000).  
The primary and secondary antibody incubations were 
carried out for 16h at 4℃ and for 1h at room tem-
perature,  respectively.
　 The secondary antibodies were Alexa Fluor 
594-conjugated goat anti-mouse IgG and Alexa Fluor 
488-conjugated goat anti-rabbit IgG (Invitrogen,  
Carlsbad,  CA,  USA,  1 : 1,000).  Individual AC3- or 
Arl13b-positive cilia in the brain sections were 
observed by a BX50 ﬂuorescence microscope with an 
UPlanFl oil 100X objective lens (Olympus,  Tokyo,  
Japan),  and an image of each cilium was captured with 
a DP50 digital camera (Olympus).  Images of at least 
50 cilia were captured in the somatosensory cortex of 
the brain from postnatal day 10 (P10) mice and post-
natal day 56 (P56) mice,  and in each region of the 
brain from P56 male and female mice.  Cilia length was 
measured using the NIH ImageJ software.
　 Statistical analysis. Unpaired t-tests were 
used for the comparisons of the occurrences of AC3-
positive cilia and those of Arl13b-positive cilia,  and 
for the lengths of AC3-positive cilia and those of 
Arl13b-positive cilia in neurons or astrocytes of the 
somatosensory cortex at P10 and at P56,  and for the 
comparisons between the cilia lengths at P10 and 
those at P56 in each category.  P＜0.05 was consid-
ered signiﬁcant.
Results
　 We ﬁrst analyzed the localization of AC3 and 
Arl13b at primary cilia of neurons and astrocytes in 
the somatosensory cortex of the brain from the P10 
and P56 C57BL/6J mice (Fig.  1).  Brain sections 
were immunostained by antibodies to NeuN,  a neuron 
marker,  or S100β,  an astrocyte marker,  with AC3 
or Arl13b (Fig.  1A,  D).  We found that at P10 92ｵ 
and 89ｵ of the NeuN-labeled neurons had AC3-
positive and Arl13b-positive primary cilia,  and 89ｵ 
and 83ｵ of the S100β-labeled astrocytes had AC3-
positive and Arl13b-positive primary cilia,  respec-
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Fig. 1　 Validation of AC3 and 
Arl13b as markers for the primary 
cilia of astrocytes and neurons.  A,  
D: Localization of AC3 and Arl13b 
at the primary cilia of neurons and 
astrocytes in the somatosensory 
cortex of C57BL/6J mice at postna-
tal day 10 (P10) (A) and day 56 
(P56) (D).  Brain sections were 
immunostained by antibodies to 
NeuN (a neuron marker) or S100β 
(an astrocyte marker) with antibod-
ies to AC3 or Arl13b.  The lower 
panels show higher magniﬁcation of 
square region in upper panels.  Note 
that at P56,  the Arl13b-immunore-
active cilia signals of neurons and 
the AC3-immunoreactive cilia sig-
nals of astrocytes were faint (D).  
Arrows indicate primary cilia.  Scale 
bars: 5µm; B,  In the somatosen-
sory cortex at P10,  92% and 89% of 
NeuN-labeled neurons had AC3-
positive and Arl13b-positive cilia,  
and 89% and 83% of S100β-labeled 
astrocytes had AC3-positive and 
Arl13b-positive cilia,  respectively;  
E,  In the somatosensory cortex at 
P56,  78% and 47% of NeuN-labeled 
neurons had AC3-positive and 
Arl13b-positive cilia,  and 49% and 
88% of S100β-labeled astrocytes 
had AC3-positive and Arl13b-
positive cilia,  respectively.  Data 
are means±S.E.M (n＝3 mice,  B,  
E).  The diﬀerences between the 
occurrences of AC3-positive cilia 
and of Arl13b-positive cilia both in 
neurons and in astrocytes were 
signiﬁcant at P56 (E,  ＊＊p＜0.01,  
＊＊＊p＜0.001) but not signiﬁcant 
(n.s.) at P10 (B).  C,  F: Lengths of 
AC3-positive cilia and Arl13b-
positive cilia of NeuN-labeled neu-
rons or S100β-labeled astrocytes in 
the somatosensory cortex at P10 
(C) and at P56 (F).  Data are means
±S.E.M (n＞50 cilia).  The diﬀer-
ences between the lengths of AC3-
positive cilia and of Arl13b-positive 
cilia were not signiﬁcant in the 
neurons or astrocytes at P10 (C) 
and P56 (F).  The cilia length was 
signiﬁcantly longer at P56 than that 
at P10 in each category (C,  F,  ＊p
＜0.05,  ＊＊p＜0.01,  ＊＊＊p＜0.001 
in F).
tively (Fig.  1B).
　 At P56,  78ｵ and 47ｵ of the NeuN-labeled neu-
rons had AC3-positive and Arl13b-positive primary 
cilia,  and 49ｵ and 88ｵ of the S100β-labeled astro-
cytes had AC3-positive and Arl13b-positive primary 
cilia,  respectively (Fig.  1E).  It should be noted that 
at P56,  the Arl13b-immunoreactive cilia signals 
observed on approx.  one-half of the neurons were 
faint,  and at P56 the AC3-immunoreactive cilia sig-
nals observed on approx.  one-half of the astrocytes 
were faint (Fig.  1D).  This result showed that Arl13b 
and AC3 are not suitable as markers of neuronal pri-
mary cilia and astrocytic primary cilia,  respectively.
　 The cilia length was comparable between the AC3-
positive primary cilia and the Arl13b-positive primary 
cilia,  in both the neurons and in astrocytes at P10 
(Fig.  1C) and at P56 (Fig.  1F).  The primary cilia 
positive for either AC3 or Arl13b were signiﬁcantly 
longer at P56 compared to those at P10,  in both the 
neurons and in astrocytes (Fig.  1C,  F).  These results 
revealed that a large fraction of astrocytic primary 
cilia in the cortex can be visualized by immunoﬂuores-
cent analysis using an antibody to Arl13b.
　 We tested the possibility that the majority of pri-
mary cilia of diﬀerentiated astrocytes in various 
regions of the adult mouse brain can be visualized by 
labeling with an Arl13b antibody in immunoﬂuores-
cence staining.  The double-staining of brain sections 
from the P56 mice with antibodies to S100β and 
Arl13b (Fig.  2A) revealed that the percentage of 
S100β-labeled astrocytes with Arl13b-positive cilia in 
the total S100β-labeled astrocytes ranged from 74ｵ 
(thalamus) to 95ｵ (amygdala) in the 10 brain regions 
examined (Fig.  2B).  The length of astrocytic primary 
cilia positive for Arl13b was variable among the 10 
brain regions examined within the range from 2.0µm 
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Fig. 2　 Visualization of astrocytic primary cilia in the adult mouse brain using Arl13b as a cilia marker.  A,  Primary cilia of S100β
-labeled astrocytes were immunostained by Arl13b antibody in various brain regions of the P56 mice.  Lower panels show higher magniﬁca-
tion of the square region in the upper panels.  CA1: hippocampal cornet dʼAmmon 1,  CPu: caudate-putamen,  SN: substantia nigra,  
Amy: amygdala.  Arrows indicate primary cilia.  Scale bars: 5µm; B,  The percentage of S100β-labeled astrocytes with Arl13b-positive 
cilia in the total S100β-labeled astrocytes in various brain regions of the P56 mice.  Data are means±S.E.M (n＝3 mice).  
CA3: hippocampal cornet dʼAmmon 3,  Par: parietal cortex,  Hyp: hypothalamus,  Th: thalamus,  OB-Igr: internal granular layer of olfactory 
bulb,  Acb: nucleus accumbens; C,  The length of astrocytic primary cilia positive for Arl13b in various brain regions of the P56 mice.  Data 
are means±S.E.M (n＞50 cilia).  White and gray rectangles indicate data from the male and the female mice,  respectively.
(substantia nigra) to 4.1µm (caudate-putamen) (Fig.  
2C).  These results reveal that astrocytic primary cilia 
in various brain regions can be labeled by an Arl13b 
antibody in immunoﬂuorescence staining.
Discussion
　 The growing numbers of GPCRs found at the pri-
mary cilia of neurons in vivo [12-19] suggest that 
primary cilia function as a biosensor in neurons.  AC3 
has been used as an established marker for neuronal 
primary cilia in the validation of ciliary localization of 
GPCRs.  However,  little is known about the compo-
nents that accumulate at the primary cilia of glial 
cells.  Yoshimura et al.  revealed that the primary cilia 
of cultured astrocytes express Patched and 
Smoothened,  2 Hedgehog signaling components,  and 
receive the Hedgehog signal for survival under 
stressed conditions by using antibodies against AC3 
and acetylated tubulin to label the primary cilia of 
cultured astrocytes [22].
　 To our knowledge,  our present study is the ﬁrst to 
comprehensively visualize astrocytic primary cilia in 
vivo.  We observed that both AC3 and Arl13b were 
frequently localized at neuronal and astrocytic pri-
mary cilia in the cortex of the P10 mouse brain (Fig.  
1B).  A reciprocal expression of AC3 and Arl13b was 
observed at neuronal primary cilia and astrocytic 
primary cilia in the cortex of the P56 mouse brain;  
the majority of neurons had AC3-positive cilia and the 
majority of astrocytes had Arl13b-positive cilia (Fig.  
1E).  This heterogeneous expression pattern of AC3 
and Arl13b at primary cilia might reﬂect diﬀerenti-
ated cilium functions of neurons and astrocytes in the 
adult brain.
　 The lengths of the neuronal cilia and those of the 
astrocytic cilia were comparable between AC3-
immunoreactive cilia and Arl13b-immunoreactive cilia 
in the cortex of the P10 and P56 mouse brain (Fig.  
1C,  F),  suggesting that both AC3 and Arl13b are 
expressed in the total tract of each primary cilium.  It 
is of note that the primary cilia of both neurons and 
astrocytes in the cortex were signiﬁcantly longer at 
P56 than at P10 (Fig.  1C,  F),  indicating the elonga-
tion of primary cilia in the nervous system during 
development.
　 In the regions of the P56 mouse brain,  74ｵ-95ｵ 
of the astrocytes had Arl13b-positive primary cilia 
(Fig.  2B).  Regional diﬀerences in the length of astro-
cytic primary cilia in the P56 mouse brain were 
identiﬁed; astrocytic cilia in the caudate-putamen were 
approximately twice as long as those in the substantia 
nigra (Fig.  2C).
　 Further investigations are needed to determine the 
implications of the Arl13b small GTPase expression 
in astrocytic cilia.  Arl13b-regulated signaling in pri-
mary cilia,  which participates in the formation of a 
polarized radial glial scaﬀold in the developing cortex 
[25],  might have some biological roles in the regula-
tion of the activity of astrocytes in the adult brain.  In 
conclusion,  our present data indicate that Arl13b is an 
outstanding marker of astrocytic primary cilia in the 
brain and will contribute to analyses of the functions 
of astrocytic primary cilia.
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